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Stresses that activate the MDM2-P53 pathway also induce cascades responsible for its regulation, including the kinases ATM-CHK2 (ataxia telangiectasia mutated-checkpoint kinase 2) and ATR-CHK1 (ataxia telangiectasia and Rad3 related-checkpoint kinase 1). These kinases phosphorylate MDM2 and P53 such that their interaction is abrogated 4 . MDM2 can also be inhibited by P19 ARF binding triggered by infection or oncogene activation 5, 6 ; P19 ARF is one of the transcript products from CDKN2A (cyclin-dependent kinase inhibitor 2A) gene. Lastly, stresses that stimulate post-translational modifications such as acetylation or sumoylation of P53 or MDM2 can influence P53 activation 4 .
The MDM2-P53 pathway is also regulated by ribosomal proteins 7 . Upon nucleolar stress, ribosomal proteins RPL5, RPL11, RPL23 and RPS7 translocate from the nucleolus to the nucleoplasm and bind to MDM2 (refs. 8-16) . Nucleolar stress is often caused by disruption of ribosomal biogenesis, which in turn can be caused by serum depletion and contact inhibition 17 , agents like low-dose actinomycin D or mycophenolic acid 18, 19 or malfunction of nucleolar proteins [13] [14] [15] 20 . RPL26 increases the translation of TP53 mRNA in response to DNA damage 21 , whereas RPS3 protects P53 from MDM2-mediated ubiquitination in response to oxidative stress 22 . Thus, ribosomal proteins can drive P53-mediated responses to stress, but how ribosomal proteins translocate from the nucleolus to the nucleoplasm to exert these functions is unknown. It is also unclear whether genes encoding ribosomal proteins that regulate P53 affect the prognosis of human cancers.
The gene encoding PICT1 (protein interacting with carboxyl terminus-1; also called GLTSCR2, glioma tumor suppressor candidate region gene 2) is located at human chromosome 19q13.32, which is frequently altered in human tumors 23 . Low PICT1 expression in diffuse gliomas and ovarian cancers is correlated with high malignant progression [24] [25] [26] , whereas PICT1 overexpression enhances apoptosis of cultured glioma cells 27 . At the molecular level, PICT1 stabilizes PTEN via direct physical interaction 28, 29 . On the basis of these findings, PICT1 has been deemed a tumor suppressor. Other evidence, however, suggests that PICT1 may not always dampen cancer progression. In oligodendroglial tumors, deletion of the entire chromosome 19q arm, as well as loss of heterozygosity (LOH) at chromosome 19q13 is associated with longer diseasefree survival after chemotherapy [30] [31] [32] . Nevertheless, in astrocytic gliomas, chromosome 19q deletions are linked to malignant progression 33, 34 . These contradictory observations indicate that one or more genes mapped to chromosome 19q may contribute to brain cancer development. We speculated that PICT1 might be an important chromosome 19q-mapped gene that regulates tumor progression.
To clarify PICT1 functions, we carried out extensive analyses of Pict1-deficient mice and ES cells. We show here that PICT1 is a key regulator of ribosomal protein-driven P53-mediated responses to nucleolar stress and that loss of PICT1 inhibits tumor growth owing to stabilization of P53.
RESULTS

Pict1-deficient cells show cell cycle arrest and apoptosis
We generated mice bearing a null mutation of Pict1 ( Supplementary  Fig. 1a ) but obtained no viable Pict1 −/− pups ( Fig. 1a and Supplementary Fig. 1b) . Although we observed no morphological differences between Pict1 +/+ and Pict1 −/− embryos up to embryonic day 2.75 (E2.75; morula), none of the 15 Pict1 −/− embryos we examined formed proper blastocysts at E3.5 and all contained apoptotic cells (Fig. 1a) . This developmental failure was not due to an inadequate uterine environment, because Pict1 +/− embryos of the same litter developed normally. When Pict1 −/− morulae were cultured in vitro, they did not mature and died within 2-3 d (Supplementary Fig. 1c) . Thus, PICT1 is essential for preimplantation embryogenesis.
To examine PICT1 functions in vitro, we generated mutant murine ES cells (Pict1tetTg + ; Pict1 ∆/− ; Pict1 ES cells) that lacked endogenous Pict1 owing to gene targeting ( Supplementary Fig. 1d ,e) but expressed exogenous Pict1 in a doxycycline-regulatable manner such that Pict1 expression was 'on' without doxycyline (Dox − ) but 'off ' after doxycyline treatment (Dox + ) (Supplementary Methods and Supplementary Fig. 1e,f) . Because Dox − Pict1 ES cells behaved like wild-type (WT) ES cells in cell growth, cell cycle and apoptosis assays (Supplementary Fig. 1g,h) , we used Dox − cells as controls throughout our study. Doxycyline treatment of Pict1 ES cells inhibited both Pict1 expression and cell growth in a dose-dependent manner (Fig. 1b) . This growth inhibition was due to both cell cycle arrest (Fig. 1c) and enhanced apoptosis (Fig. 1d) . Thus, PICT1 is required for the survival and proliferation of ES cells.
Effects of Pict1 loss depend on p53 but not p19 Arf or Pten Compared with Dox − cells, Dox + cells showed greater expression of p53, p21 Waf1 and p19 Arf (Fig. 2a) that, at least for p53, was correlated with the degree of doxycycline-mediated Pict1 suppression (Fig. 2b) . The greater p53 expression in Dox + cells was probably not due to DNA damage, because phospho-γ-histone family member X (pγH2ax), which is a marker of DNA damage, was much lower in Dox + cells than in ultraviolet (UV)-treated cells with comparable p53 activation (Fig. 2c) . Moreover, the elevation in pγH2ax owing to UV exposure was not further enhanced by doxycycline (Fig. 2c) . Notably, siRNA-mediated p53 knockdown prevented the cell cycle arrest ( Fig. 2d and Supplementary  Fig. 2a ) and increased apoptosis (Fig. 2e) observed in Dox + cells. Although p19 Arf expression was greater in Dox + than in Dox − cells (Fig. 2a) , siRNA-mediated p19 Arf knockdown did not affect p53 protein expression, cell cycle arrest or apoptosis in Dox + cells ( Supplementary Fig. 2b-d) . The thymus is highly sensitive to p19 Arf -p53 signaling 35 , and our Pict1 −/− mice succumbed to early embryonic lethality. We therefore generated mice deficient in Pict1 specifically in T cells by crossing LckCre transgenic mice with Pict1 flox mice (Supplementary Methods). Total number of thymocytes in these mutants were <5% of those in control Pict1 flox/flox mice ( Fig. 2f) , a defect that was markedly rescued in LckCrePict1 flox/flox ;Trp53 −/− double knockout (DKO) mice (Fig. 2f) , but not in LckCrePict1 flox/flox ;p19 Arf−/− double-knockout mice (Supplementary Fig. 2e ). Consistent with an earlier report 36 , p53 expression was lower in p19 Arf -deficient T cells than in wild-type cells (Supplementary Fig. 2f ). However, because p53 expression is still high in LckCrePict1 flox/flox ;p19 Arf−/− double-knockout T cells (Supplementary Fig. 2f ) compared with LckCrePict1 flox/flox ;p19 Arf+/+ T cells, we do not think p19 Arf mediates the higher expression of p53 associated with loss of Pict1.
Despite our observations in T cells deficient in Pict1, doubleknockout mice that totally lacked Trp53 and Pict1 were still embryonic lethal (Supplementary Fig. 3a) , suggesting that the phenotype of Pict1-deficient embryos involves factors in addition to p53 accumulation. To determine whether PTEN was one of these factors, we examined the stability of Pten protein without Pict1. After Pict1 ES cells with or without doxyxycline induction were treated with 100 µg ml −1 cycloheximide, immunoblotting showed that Pten degradation was faster without Pict1 ( Supplementary Fig. 3b ). However, expression of steady-state Pten (without cycloheximide), phospho-Pten, and phospho-Akt was comparable in Dox + and Dox − cells ( Fig. 2a and Supplementary Fig. 3c) . Thus, at least in unstimulated cells, PICT1 has only a subtle stabilization effect on PTEN that occurs without obvious phosphorylation of PTEN or effector activation.
Pict1 deficiency inhibits Mdm2 function
To investigate how Pict1 deficiency increases p53 expression, we first measured Trp53 mRNA levels by northern blotting. Steady-state levels of Trp53 mRNA remained constant in Dox + cells treated with increasing doxycycline for 2 d (Fig. 3a) . Through cycloheximide studies, we found that p53 protein half-life was longer in Dox + cells compared to Dox − cells (Fig. 3b ), but Pict1 deficiency had no effect on p21 protein half-life (data not shown). Studies using the proteasomal inhibitor MG132 showed that the increase in p53 protein half-life was due to protection from proteasomal degradation (Fig. 3c) , suggesting that the elevated p53 abundance in Pict1-deficient cells is not due to transcriptional effects.
We hypothesized that PICT1 deficiency prevents P53 degradation by decreasing its MDM2-mediated ubiquitination. We transfected H1299 cells with plasmids expressing hemagglutinin-tagged ubiquitin (HA-Ub), Myc-tagged P53 and T7-tagged MDM2, and we carried out immunoprecipitation and immunoblotting to detect ubiquitinated P53 (Ub-P53). Before immunoprecipitation, we inhibited the 26S proteasome with MG132 to allow accumulation of ubiquitinated proteins. As we expected, coexpression of MDM2 and P53 produced a ladder of Ub-P53 products (Fig. 3d) . However, when we also infected these MDM2-and P53-expressing H1299 cells with a lentivirus expressing PICT1 shRNA, the laddering was less intense (Fig. 3d) . Notably, Pict1 deficiency also decreased the Mdm2-dependent ubiquitination of endogenous p53 ( Fig. 3e and Supplementary Fig. 2a) . These results show that PICT1 inhibition prevents MDM2-mediated P53 ubiquitination.
The accumulation of p53 in doxycycline-treated Pict1 deficient ES cells was dependent on Mdm2 but minimally influenced by depletion of Huwe1, Rfwd2 or Rchy1 (Fig. 3f) , other E3 ligases that target p53 in cancer cell lines. Thus, Mdm2 is the major E3 ligase for p53, and other E3 ligases do not contribute to p53 degradation in mouse ES cells, consistent with earlier reports 37, 38 . Notably, Mdm2 protein amounts were essentially equal in Dox − and Dox + cells (Fig. 3g) , in contrast to the earlier finding that Mdm2 is a direct transcriptional target of p53 (ref. 39). The reason for this discrepancy is unclear, but, considering that Mdm2 mRNA levels are elevated in the absence of Pict1 (Fig. 3a) , a previously uncharacterized post-transcriptional mechanism may suppress Mdm2 protein without Pict1. The low p53 ubiquitination in Dox + cells is not simply due to low p53-Mdm2 binding ( Supplementary Fig. 4) , and is probably caused by inactivation of the E3 ligase function of Mdm2 induced by loss of Pict1.
PICT1 regulates MDM2 by retaining RPL11 in the nucleolus MDM2 function is influenced by nucleolar ribosomal proteins 7, 13 and other nucleolar proteins such as nucleophosmin 40 . When we expressed Pict1-EGFP and nucleophosmin-DsRed fusion proteins in 293T cells, these exogenous proteins colocalized in nucleoli ( Supplementary  Fig. 5a ). Pict1 was also highly expressed in the nucleolus of Dox − cells (Fig. 4a) . Nucleostemin and nucleolin are also key nucleolar proteins that regulate P53. Although deficiency in nucleophosmin, nucleostemin or nucleolin causes P53 accumulation [40] [41] [42] , the endogenous expression and localization of none of these proteins was impaired in Dox + cells ( Fig. 4a and Supplementary Fig. 5b,c) .
To identify intracellular binding partners of PICT1, we expressed Flag-PICT1 cDNA in 293T cells, immunoprecipitated the protein with antibody to Flag, and carried out nanoscale liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS; Supplementary Methods). Pict1 bound a huge complex containing many ribosomal proteins (Supplementary Fig. 5d ). Among these ribosomal proteins, RPL5 and RPL11 inhibit MDM2-mediated P53 ubiquitination [8] [9] [10] . When we examined the binding of purified ribosomal protein fusion proteins to Pict1 in vitro, RPL5 and RPL11, which we identified in our LC-MS/MS experiments, and RPS7 and RPL23, which inhibit MDM2-mediated P53 ubiquitination 11, 12 , physically interacted with Pict1 ( Supplementary  Fig. 5e ). We confirmed this binding in vivo by expressing exogenous Myc-ribosomal proteins and Flag-Pict1 in 293T cells and subjecting them to immunoprecipitation (Supplementary Fig. 5f ).
To determine whether any of these ribosomal proteins was responsible for the impaired Mdm2 function observed in Dox + cells, we carried out siRNA-mediated knockdown experiments and found that only siRNA against Rpl11 blocked p53 accumulation in Dox + cells (Fig. 4b) . Furthermore, the degree of Rpl11 suppression achieved with various Rpl11 siRNAs was correlated with the degree of suppression of p53 accumulation in Dox + cells (Supplementary Fig. 5g ). We also confirmed the binding of endogenous Rpl11 to Pict1 in untreated Dox − cells by immunoprecipitation (Fig. 4c) .
We next compared RPL11 localization in Dox − and Dox + cells. Exogenous RPL11 appeared in both the nucleolus and cytoplasm in Dox − cells but was almost completely translocated out of the nucleolus in Dox + cells (Fig. 4d,e) . However, exogenous RPL5, RPL23 and RPS7 did not translocate out of the nucleolus in Dox + cells ( Supplementary  Fig. 6a-c) . We observed the same patterns for endogenous Rpl11, Rpl5, Rpl23 and Rps7 proteins (Fig. 4a) . Immunostaining for nucleophosmin, a r t i c l e s nucleolin and nucleostemin confirmed that nucleoli were intact in our Dox + cells (Fig. 4d and Supplementary Figs. 5c and 6a-d) . Thus, PICT1 is essential for the nucleolar localization of RPL11.
Because RPL11 inhibits MDM2-mediated P53 ubiquitination by binding MDM2 (refs. 7-9,13), we analyzed RPL11-Mdm2 colocalization and binding using our Dox + cells. Immunostaining confirmed that endogenous Mdm2 was present in the nucleoplasm in both Dox − and Dox + cells (Supplementary Fig. 6d ) and that RPL11 and Mdm2 proteins colocalized in the nucleoplasm of Dox + cells (Fig. 4f) . In addition, binding of endogenous Mdm2 to Rpl11 was much greater in the nucleus of Dox + cells than in that of Dox − cells ( Fig. 4g and Supplementary  Fig. 6e ). We hypothesize that, when PICT1 is not present to retain RPL11 in the nucleolus, RPL11 escapes into the nucleoplasm and binds MDM2, blocking its ubiquitination of P53. As a result, p53 accumulates in Dox + cells. PICT1 is therefore a crucial nucleolar binding partner of RPL11 that regulates the MDM2-P53 pathway.
Suppression of PICT1 inhibits tumor cell growth
Although earlier data suggest that PICT1 is a tumor suppressor, we found that Pict1 loss led to p53 accumulation and presumed protection from oncogenesis. We therefore analyzed the onset of chemically induced skin cancers in Pict1 +/− mice. Compared with Pict1 +/+ controls, Pict1 +/− mice were more resistant to papillomagenesis (Fig. 5a) . Similarly, shRNA-mediated suppression of PICT1 in various TP53-intact cell lines derived from human gliomas or colorectal or ovarian tumors led to growth inhibition and P53 accumulation without alterations in PTEN or phospho-AKT expression (Fig. 5b) . We observed neither growth inhibition nor P53 accumulation in TP53-mutated or P53-inactivated tumor cell lines that were treated with PICT1 shRNA (Supplementary Fig. 7a) . Thus, PICT1 does not seem to function as a tumor suppressor when P53 signaling is intact.
We next determined whether PICT1 expression is correlated with human colorectal or esophageal cancer progression. We detected TP53 mutations in ~40% of our colorectal and esophageal cancer specimens, consistent with earlier reports 43, 44 . Of 181 colorectal cancers examined, individuals whose tumors had a ratio of PICT1mRNA to GAPDH mRNA of <0.58 were classified in the PICT1 low group (n = 90), whereas those with ratios ≥0.58 were classified in the PICT1 high group (n = 91) (Supplementary Fig. 7b ). The 5-year overall survival rates for the PICT1 high and PICT1 low groups were 62.0% and 81.0%, respectively, but only when TP53-intact cases were considered (Fig. 5c) . We found the same pattern in 81 individuals with esophageal cancer: individuals whose tumors had a ratio of PICT1 mRNA to GAPDH mRNA of <0.64 were classified as PICT1 low (n = 40), and those with ratios ≥0.64 were classified as PICT1 high (n = 41) (Fig. 5c and Supplementary Fig. 7b) . The 5-year overall survival rates for these PICT1 high and PICT1 low groups (TP53-intact cases only) were 24.5% and 42.1%, respectively. We observed no difference in 5-year survival in TP53-mutated cases of either colorectal or esophageal cancer (Fig. 5c) . The Cox proportional hazards model showed that PICT1 mRNA level was an independent prognostic predictor for individuals with either colorectal or esophageal cancer (Supplementary Fig. 7c ). Thus, low PICT1 expression is associated with low tumor cell growth in vitro and in vivo and with a better prognosis in individuals with cancer. 
DISCUSSION
Although PICT1 has been designated a tumor suppressor gene [24] [25] [26] [27] [28] 45 , our work implicates PICT1 as a potentially oncogenic regulator of the MDM2-P53 pathway. Inhibition of Pict1 in ES cells and in various TP53-intact cancer cell lines led to P53 accumulation that inhibited cell growth in vitro. In vivo, Pict1 +/− mice were resistant to chemically induced skin tumors; T cell-specific Pict1-deficient mice showed p53-dependent T cell developmental arrest; and individuals with colorectal or esophageal tumors with low PICT1 expression and without TP53 mutation had a better prognosis. Thus, PICT1 is a key cancer-related gene that primarily regulates P53 but is not a typical tumor suppressor. Consistent with our finding that PICT1 knockdown inhibited the growth of TP53-intact glioma cells (Fig. 5b) , oligodendroglial tumors with loss of chromosome 19q13 have a better disease outcome [30] [31] [32] . Indeed, oligodendrogliomas show frequent loss of chromosome 19q (70%) but infrequent TP53 mutations (<15%) 46 . In our study, loss of PICT1 only slightly affected PTEN stability and led to a P53 accumulation in TP53-intact cells that inhibited proliferation. However, PICT1 inhibition has been linked to AKT activation in some insulintreated cell lines 29 . Thus, PICT1 may act as a tumor suppressor under limited conditions that include loss of P53 function. Although P53 is activated by ribosomal proteins released from the nucleolus after nucleolar stress [8] [9] [10] [11] [12] , it was unclear how these ribosomal proteins are anchored in the nucleolus. We have shown that Pict1 binds to and retains RPL11 in the nucleolus, preventing RPL11 from inhibiting Mdm2 in the nucleoplasm. Consistent with this model (Fig. 6) , treatment of WT ES cells with a low dose of actinomycin D or mycophenolic acid decreased Pict1 expression and p53 accumulation (Supplementary Fig. 8 ). Small ribosomal subunit proteins in the nucleolus are unstable and degraded in response to stress signals 47 . However, we found that amounts of ribosomal proteins other than Rpl11, including Rps7, were not decreased in the nucleolus by Pict1 deficiency. In addition, the decrease in endogenous p53 ubiquitination without Pict1 was notable after the addition of MG132, and Rpl11 suppression blocked p53 accumulation in Pict1 ES cells. Thus, we think that protein degradation did not cause the observed decrease in nucleolar Rpl11, and that without retention by PICT1, RPL11 diffuses into the nucleoplasm, where it is captured by MDM2. We showed that Pict1 loss enhanced Rpl11-Mdm2 binding Model of PICT1 function. Left, when PICT1 is present in the nucleolus, RPL11 is retained in the nucleolus and MDM2 is free to ubquitinate P53, promoting its degradation. Right, when PICT1 is absent, nucleolar RPL11 escapes into the nucleoplasm and binds to MDM2, blocking its ubiquitination of P53. As a result, P53 accumulates in PICT1-deficient cells. a r t i c l e s in the nucleoplasm and inhibited the E3 ligase activity of Mdm2, leading to p53-dependent cell cycle arrest and apoptosis in a manner consistent with earlier results 8 . PICT1 is therefore a major upstream regulator of P53, and the binding of PICT1 to RPL11 controls the MDM2-P53 pathway.
In conclusion, our work shows that PICT1 is a key regulator that acts primarily through RPL11 and MDM2 to inhibit P53 responses to nucleolar stress. We have also identified PICT1 as a useful prognostic marker for human colorectal and esophageal cancers. Studies of factors influencing PICT1 expression or stability, or interfering with PICT1-RPL11 binding, may yield new cancer treatments, especially for individuals with TP53-intact tumors.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemedicine/.
Note: Supplementary information is available on the Nature Medicine website.
